1. The hepatic metabolism of chylomicrons and chylomicron remnants was compared after adding approximately equal numbers of each lipoprotein particle to the perfusate of isolated livers. 2. At least 40% of the added remnants were metabolized by the liver, compared with less than 3 % for chylomicrons. 3. There was significantly more net removal of labelled remnants than ofchylomicrons by the liver. 4. A greater proportion of labelled cholesterol than oflabelled triacylglycerol fatty acids was transferred to the liver from each lipoprotein. 5. Cholesteryl esters of remnants were hydrolysed and triacylglycerol fatty acids of remnants were oxidized to CO2 more extensively than those of chylomicrons. 6. There was greater oxidation of remnant glycerolipid [1-'4C]oleate than of glycerolipid [1-'4C]palmitate. 7. A large fraction of the fatty acids of remnants, but not of chylomicrons, was transferred to phospholipids, which were released by the liver in a lipoprotein of relative density <1.006. 8. Label from remnants, but not from chylomicrons, was found in lipoproteins of relative density >1.006, which were not released during perfusion but could be flushed out from the liver at the end of perfusion.
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Studies in vivo on the metabolism of chylomicrons have implicated the liver as a major organ concerned in their removal from the circulation (French & Morris, 1958; Bragdon & Gordon, 1958) . In addition, experiments using the perfused rat liver in the presence of heparin demonstrated substantial metabolism of chylomicron triacylglycerol fatty acids (Morris, 1963; Rodbell et al., 1964) . However, heparin is an activator of a lipoprotein lipase present in the rat liver (Mayes & Felts, 1968) . When heparin was omitted from the perfusate (Felts & Mayes, 1965) only minimal metabolism of chylomicron triacylglycerol fatty acids was found, and it was suggested that chylomicron triacylglycerol was initially hydrolysed by lipoprotein lipase in peripheral capillary beds before the constituent fatty acids became available to the liver. Redgrave (1970) showed that when chylomicrons were injected intravenously into functionally hepatectomized rats, they underwent hydrolysis by lipoprotein lipase in extrahepatic tissues to form chylomicron remnant particles, which accumulated in the circulation. These lipoproteins were relatively rich in cholesteryl esters, though they still contained triacylglycerol as the major lipid component. Chylomicron remnants injected into the intact rat were taken up by the liver to an appreciable extent.
In the perfused liver the uptake of 126I-labelled chylomicron remnants has been described by Noel et al. (1975) , and Felts et al. (1975) have also shown substantial uptake of remnant triacylglycerol. HowVol. 170 ever, little information has been provided about the metabolism of remnants by the liver. In the present paper we have compared the uptake and metabolism of chylomicron remnants with chylomicrons when equal numbers of the particles were present in the perfusate. A preliminary account of this work has been published (Gardner & Mayes, 1976) .
Materials and Methods Production oflabelled chylomicrons
Thoracic ducts of male Wistar rats (380-400g) on normal stock diet (Diet 86; E. Dixon Ltd., Ware, Herts., U.K.), were cannulated (Bollman et al., 1948) underNembutal(Abbot, Queenborough, Kent, U.K.) anaesthesia. The cannulations were carried out in the early afternoon, when the stomach was virtually empty. As chylomicron samples of low mass were required, no extra lipid was fed. [1 a,2a-3H]Cholesterol (5OpCi) and either [1-14C]oleic acid or [1-14C]palmitic acid (100 uCi; The Radiochemical Centre, Amersham, Bucks., U.K.) were dissolved in 0.4ml of 0.03M-KOH, in which lmg of sodium tauroglycocholate was dissolved. The final pH was 9.0. When the lymph was flowing, and before the body wall was sutured, the radioactive dose was injected through the stomach wall into the lumen of the pyloric region. The rats were placed in restraining cages and the lymph was collected at room temperature (25°C) overnight. The animals were given access to water ad libitum. The lymph was layered in cellulose nitrate tubes (Beckman) under 0.9 % NaCl and centrifuged (29 min) for 1 x 106g-min in a fixed-angle rotor (370-400g) were anaesthetized with Nembutal and functionally hepatectomized by ligating all major blood vessels supplying the liver and the gut. Chylomicron remnants were produced by injecting 2.0-2.5 ml of labelled chylomicrons into an iliolumbar vein. After 30min as much blood as possible was withdrawn from the aorta and allowed to clot for 30min at 37°C. After centrifugation (IOmin, 2000 g), the serum was layered under 0.9 % NaCl and centrifuged for 4 x 106g-min as described above. The top 2cm, containing labelled chylomicron remnants, was harvested and used immediately. Liver perfusions Livers were perfused with 130ml of defibrinated dialysed whole rat blood, essentially as described by Mayes & Felts (1966) . In the present experiments the perfusions were carried out in situ and the blood-flow rate was set at 12ml/min, i.e. approx. 1.25ml/g of tissue per min. As it was desired to detect any differences in the rates of fatty acid oxidation, livers from rats deprived of food for 18-24h were used, since they show higher rates of fatty acid oxidation than do livers from fed animals and have minimal rates of secretion of very-low-density lipoprotein (Mayes & Felts, 1967 (Rudel & Morris, 1973) and serum and liver phospholipids were measured by direct colorimetric analysis (Raheja et al., 1973) . Methods used in determining blood glucose, ketone bodies and lactate, serum non-esterified fatty acids and triacylglycerol, and methods for separating lipids by t.l.c., have been described previously (Topping & Mayes, 1972 . Radioactivity was counted and corrected for efficiency by the method ofFelts & Mayes (1967a) .
"4CO2 was collected and determined as described by Mayes & Felts (1966) . Agarose-gel chromatography Agarose columns were prepared by using Bio-Gel A50m (Bio-Rad Laboratories, Richmond, CA, U.S.A.) by the method of Rudel et al. (1974) . A virtually complete separation of chylomicrons from chylomicron remnants was achieved.
Analysis of the chylomicron-remnant fraction as separated by ultracentrifugation showed that approx. 75 % ofthe triacylglycerol fatty acid radioactivity was in the remnant peak and the remainder was in the chylomicron peak. There were no further minor peaks.
Experimental design
The '' X , l(10) (7) )l t -- ester, with the remainder in non-esterified cholesterol in both chylomicrons and chylomicron remnants.
Within the first 30 min after the labelled lipoprotein had been added to the perfusate there was net uptake of radioactive lipid by the liver (Fig. 1) , but there was no further change in the radioactivity of acylglycerols or of total cholesterol in the perfusate during the remainder of the perfusion. Irrespective of the type of radioactive label used, the liver removed a greater percentage of the labelled remnants than of chylomicrons from the perfusate (Fig. 2) . It was also noted that the liver accumulated a greater percentage of the added [3H]cholesterol radioactivity than of the added triacylglycerol 14C-labelled fatty acid radioactivity, in all four groups of perfusions (Fig. 2) . Oxidation of 14C-labelled fatty acid-labelled chylomicrons and chylomicron remnants Both the palmitate and oleate in labelled chylomicrons were oxidized to 14C02 to the extent of approx. 0.3 % of the total radioactivity added. On the other hand, oxidation of [14C]palmitate-labelled remnants to 14CO2 was increased to 0.6 % (P < 0.01) and of [14C] oleate-labelled remnants to 1.6 % (P < 0.01). The increased oxidation of oleatelabelled remnants compared with palmitate-labelled remnants was statistically significant (P < 0.05).
In the present study the production of 14C- [l4C]Triacylglycerol/l 4C-labelledphospholipid ratio
In palmitate-labelled chylomicrons and both palmitate-and oleate-labelled remnants, there was a highly significant (P < 0.001) decrease in the ratio of 14C present in triacylglycerol to 14C present in phospholipids in the net radioactivity taken up by the liver during 90min, compared with the ratio found in the labelled lipoprotein added to the perfusate (Table 1 ). For ['4C]palmitate-labelled chylomicrons the change in ratio of the radioactivity in the liver accounted for only 2-3 % of the total radioactivity added. However, there was no detectable change in this ratio in ['4C]oleate-labelled chylomicrons.
There was also, a change in the ratio in the d (relative density) <1.006 lipoprotein lipids of the perfusate in the groups of perfusions with remnants, but not in those with chylomicrons (Table 1) . There was no change in ratio when remnants were circulated in blood in the perfusion apparatus but without a liver in the circuit. Thus with the labelled remnants there was a marked interaction with the liver in which some 35-40 % of the triacylglycerol fatty acids were converted into phospholipids and the bulk was released into the perfusate in a lipoprotein ofd <1.006 (Fig. 3) were not accompanied by release of 14C-labelled nonesterified fatty acids into the perfusate. Examination of the material that could be flushed out from extracellular spaces in the liver at the termination of the experiment showed that 30-35 % of the 14C-labelled fatty acid-labelled lipoprotein recovered was present in the d> 1.006 fraction in experiments with remnants, but negligible radioactivity was present in this fraction when chylomicrons were used. However, this fraction comprised only 0.2-0.5 % of the added radioactivity in experiments with remnants, and further analysis showed that 60-80% of it was present in the intermediatedensity range of lipoproteins (1.006 < d< 1.019).
[31H]Cholesterol-labelled chylomicrons and chylomicron remnants
The distribution of 3H between esterified and nonesterified cholesterol did not change significantly when chylomicron remnants were produced from labelled chylomicrons in the functionally hepatectomized rat; 82-90% of the total label was in the esterified form in either lipoprotein.
Uptake of labelled total cholesterol by the liver was significantly greater from remnants than from chylomicrons (Fig. 2) (Fig. 4) It has been customary to compare the properties of equal masses of chylomicrons and chylomicron remnants in experiments using the perfused liver (Noel et al., 1975; Felts et al., 1975 ). An alternative approach is to compare equal numbers of particles of the two lipoproteins, since it would appear that one chylomicron particle gives rise to one remnant particle on reaction with lipoprotein lipase in extrahepatic tissues (Redgrave, 1970) . If it is assumed that the diameter of the chylomicron remnant is approximately one-half that of the parent chylomicron (Redgrave, 1970; Mj0s et al., 1975) , it can be calculated that if equal masses of the two particles are compared, this represents eight times the number of remnant particles compared with the number of chylomicrons. The average volume (assuming volume is approximately proportional to mass) of the remnants produced from chylomicrons under the present conditions was estimated from the change in ratio of 14C to 3H during remnant formation, the assumption being made that lipoprotein lipase only released the 14C-labelled triacylglycerol fatty acids and not the 3H-labelled cholesterol (Mj0s etal., 1975) . From this estimate it was calculated that the average number of particles in the remnant fraction added to the perfusate was actually 1.2 times the number of chylomicrons added.
To avoid any effects due to saturating the hepatic uptake mechanisms, all the experiments were carried out with low masses of chylomicrons and remnants. Thus the chylomicrons and remnant triacylglycerol fatty acids added were approx. 15 % and 11 % respectively of the total perfusate triacylglycerol fatty acids present in d < 1.006 lipoproteins. Within the limits set in the present experiments there was no effect of the mass added on the percentage uptake or metabolism of each of the lipoproteins investigated. Therefore the effects described can be attributed to fundamental differences in properties between chylomicrons and their remnants.
Comparison of the uptake of chylomicrons and chylomicron remnants by theperfused liver Uptake of lipoprotein particles by the liver does not necessarily indicate that they have been incorporated intracellularly or metabolized. It has been shown both in the perfused liver (Felts, 1965) and in vivo (Belfrage, 1966) Krebs & Henseleit (1932) bicarbonate buffer and obtained 40 % uptake in a single pass of perfusate through the liver. With defibrinated whole blood we obtained a net uptake of remnants of approx. 15 % in 30min. However, we encouraged the expulsion of particles from the extracellular spaces by systematically raising and releasing the pressure in the hepatic-vein outflow. Thus, owing to variations both in perfusate composition and to undefined and variable hepatic vein pressure, it is difficult to comment on the significance of differences in uptake of chylomicron remnants found by us compared with the results of either Noel et al. (1975) or Felts et al. (1975) . A further point of difference in our results, discussed below, was that the bulk of the remnants that reacted with the liver were released into the perfusate as a modified lipoprotein, rather than being retained by the liver. Nevertheless, a common feature that we have confirmed is the finding that chylomicron remnants are taken up by the perfused liver to a greater extent than are chylomicrons.
Net removal of the lipoprotein particles was maximal within 30min. Thereafter, results based on radioactivity in the perfusate indicated that the liver did not remove any further net mass. Subsequent experiments (R. S. Gardner & P. A. Mayes, unpublished work) with a second dose of chylomicrons or remnants labelled with a different isotope and added at 30min after the first addition have shown uptake into the liver, demonstrating that exchange of lipoprotein is taking place between the liver and the perfusate at these later times.
Metabolic fate of 1-14C-labelled fatty acid-labelled triacylglycerol in chylomicrons and chylomicron remnants The limited oxidation of chylomicron triacylglycerol fatty acid was in agreement with previously published results (Felts & Mayes, 1965) . Remnant triacylglycerol fatty acid was not only oxidized to a significantly greater extent, but oleate-labelled remnants were shown to have increased oxidation compared with palmitate-labelled remnants. This latter result is in keeping with studies showing the greater oxidation ofunsaturated fatty acids compared with saturated fatty acids (Nestel & Steinberg, 1963) . (Felts & Mayes, 1967b) . Although the exact location of this enzyme is unknown, it does have similar properties to an enzyme that may be released by heparin from rat hepatic plasma membranes (Assmann et al., 1973 (Stein & Stein, 1969; Riddle et al., 1975) (Kompiang et al., 1976) . This may be due to the normal plasma d < 1.006 lipoprotein fraction also containing the phospholipid-rich lipoprotein derived from the metabolism of remnants in the liver. Previous investigators (Noel etal., 1975; Felts et al., 1975) Felts et al. (1975) . This would lead to much lower 02 consumption and to changes in intracellular redox compared with the present investigations using whole blood (see Mayes & Felts, 1976 for palmitate-and oleate-labelled chylomicrons were 2.7 ± 0.4 % and 0.4 ± 0.2% respectively, demonstrating clearly the increased reactivity of remnants when compared with chylomicrons on a particle-for-particle basis. For remnants this is an underestimate of their reactivity, since analysis on the agarose column showed that the remnant fraction was contaminated with chylomicrons to the extent of approx. 25 %.
The present investigations comparing the metabolism of chylomicrons and chylomicron remnants on a particle-for-particle basis have demonstrated significant qualitative and quantitative differences in their lipid metabolism. The major qualitative difference was the large-scale conversion of remnants into a phospholipid-rich lipoprotein of d < 1.006, which was released into the perfusate. On a much smaller scale, a lipoprotein of d> 1.006 was also formed, which was not released into the perfusate. Quantitatively, remnants differed from chylomicrons in showing a much greater total reactivity in the liver, including greater net uptake, greater oxidation to CO2, greater conversion of triacylglycerol fatty acid into phospholipids and a greater hydrolysis of cholesteryl esters to non-esterified cholesterol.
